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Previous papers  t.2  have described the  accumulation of ammoni# 
by Valonia macrophysa,  Kiitz., from sea water containing very small 
concentrations of  ammonium chloride.  In  such  cases  the  gain  in 
ammonia is accompanied by a loss of potassium. 
In  the present paper  the exit of the  accumulated ammonia into 
ammonia-free sea water is discussed.  This exit is accompanied by an 
intake of sodium or potassium.  In weak light, sodium alone enters; 
in stronger light, potassium is also taken up. 
The experiments were carried out in 4 stages. 
Stage/.--The  cells were placed in rather dim light in sea water to 
which ammonium chloride had been added.  During this stage they 
stored  ammonia. 
Stage//.--The cells were placed in ammonia-free water in dim light 
and the exit of ammonia was followed.  Sodium was taken up. 
Stage///.--The  exit of ammonia continued but in stronger light. 
Both sodium and potassium were taken up. 
Stage IV.--The cells were replaced in sea water to which ammonium 
chloride had been added.  They again took up ammonia. 
EXPEI~ nWgNTAL 
The experiments were carried out in Bermuda in the winter of 1936-37 and 
supplemented by some  experiments  in the summer  of 1937.  4  A typical experiment 
will be described in detail. 
t Cooper, W. C., Jr., and Osterhout, W. J. V., J. Gen. Physiol., 1930-31, 14, 117. 
Jacques, A. G., and Osterhout, W. J. V., J. Gen. Physiol., 1930-31, 14, 301. 
a The term ammonia as used in this paper means total ammonia; i.e., NHs+ 
NH4OH +  NI-I~4. 
4 The usual difficulties  associated  with the work on Valonia in the summer  were 
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Stage I.--A group of about 1000 cells (selected to exclude large and small ones) 
was exposed to sea water containing 0.0025 ~ NH¢C1 at pH 8.2, in a 4-gallon bottle. 
The bottle was suspended, immersed, in a  long concrete tank, through which a 
rapid stream of sea water ran.  In this way cooling and agitation was secured 
since the bottle swayed back and forth in the current and the cells in the bottle 
were gently stirred. 
Two  smaller groups of cells in smaller bottles were similarly disposed in the 
tank.  These  were  used  in  measuring  the  volume  change,  and  as in  previous 
work it was assumed that the volume change of these cells was characteristic of 
the larger group. 
The  only illumination provided was  the rather  dim  daylight present in  the 
basement laboratory. 
The cells were allowed to accumulate ammonia for 16 days. 
Stage//.--The cells were then transferred to a  large glass aquarium in which 
a  rapid stream of natural, nearly ammonia-free sea water was maintained.  The 
aquarium was immersed to within a  few inches of the top in the large concrete 
tank.  Each group of "volume" cells was placed in a wide tube closed at each end 
by a  wide mesh gauze.  These were placed in the aquarium.  During this stage 
the cells lost ammonia.  This stage lasted 16 days. 
Stage I//.--After 16 days the glass aquarium with the ceils was transferred to 
a  covered veranda with an eastern exposure.  The illumination during the whole 
of this stage was bright daylight, but the cells were protected from direct sunlight 
by the lattice screens of the veranda.  This stage lasted 10 days. 
Stage IV.--The few remaining cells were transferred to sea water containing 
0.0025 ~ NH4C1, and were permitted to reaccumulate ammonia for 7 days. 
At  intervals during  the  first  three  stages,  cells were  removed  and  the  sap 
extracted for analysis,  for ammonia, potassium, sodium, and halide.  At the same 
time the volumes of the "volume" groups were determined by the method described 
in a previous paper. 6  The potassium was determined by the micro-chlorop!atinate 
method described in a  previous paper,  6 using 0.1  ml. samples, measured out by 
means of the washout pipette described by Pregl. ~  The sodium was determined 
by the Barber and Kolthoff  8 zinc uranyl  acetate method, using 0.5 ml. samples 
encountered, and several experiments were abandoned because of the high mor- 
tality  during  the  accumulation  stage.  Eventually,  by  resorting  to  cooling, 
mortality was reduced below a reasonable limit and results were obtained, which, 
since they agree with those obtained in the winter when mortality is not a factor, 
must be regarded as significant. 
6 Jacques, A. G., and Oster.hout, W. J. V., J. Gen. Physiol.,  1931-32, 151 537. 
6 Jacques, A. G., and Osterhout, W. J. V., J. Gen. Physiol.,  1934-35, 181 967. 
Pregl, F., Quantitative organic micro analysis, first English edition, P. Blak- 
iston's Son and Co., Philadelphia, 1930, p. 118. 
8 Barber, H. H., and Kolthoff, I. M., J. Am. Chem. Soc., 1928, 50~ 1625;  1929, 
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measured out with Pregl's pipette.  Because of the relatively high concentration 
of potassium in the sap,  double the usual amount of reagent was used, and the 
determinations were carried out at a temperature of 21-23°C. 9 
In both the potassium and  sodium analyses the sap was evaporated to dryness 
in platinum and ashed at about 300°C.  to remove organic material and ammonium 
which interfere with  the potassium analysis. 
Ammonia  was  determined  by  means  of  Nessler reagent,  1°  using  the  Zeiss- 
Pulfrich  "step-photometer." 
The sap samples, which varied in volume from  1 to 0.1  ml., were subjected 
to steam distillation in an apparatus similar to that described by Teoren, n  and 
the ammonia was caught in 10 ml. of 0.01 N H~SO4  solution.  Previously  TM when 
we used this method we failed to obtain a linear calibration curve at higher concen- 
trations for the relationship between the "extinction coefficient" and the concentra- 
tion of ammonia.  In the present case this difficulty was overcome by increasing 
the quantity of Nessler's reagent used. 
Halide was determined on 0.1 ml. samples by electrometric titration with 0.04 
AgNO3, using a silver electrode as the indicating electrode. 
In  order  to  average  the  natural  differences among  the  cells,  the  minimum 
number taken for analysis was 40, and in a number of cases the sap was extracted 
separately in two equal lots and separate analyses were made on each, in order to 
get an idea of the natural variation. 
The data for a typical experiment are given in Table I  and Fig. 1. 
Where two analyses were made both are given and also the average. 
In the figure the results are expressed as moles ×  10s; i.e.,  concentra- 
tion  ×  volume  ×  10  3.  The advantages of this have been discussed 
in a previous paper.  ~ 
The curves have been drawn free-hand to give an approximate fit. 
DISCUSSION  OF  RESULTS 
As Fig.  1 shows, during Stage I  ammonia entered the cell.  The 
rate of gain of moles of total ammonia  3 was nearly linear.  This point, 
however, will not be stressed unless confirmed by further experiment, 
9 At 15°C. large amounts of potassium zinc uranyl acetate were precipitated 
along with the sodium compound. 
lo Nessler's reagent according to Folin-Wu (Folin, O., and  Wu, H., Y.  Biol. 
Chem., 1919, 88, 81).  As suggested by Folin and Svedberg (Folin, O., and Sved- 
berg, A., J. Biol.  Chem.,  1930,  88,  77)  2 drops of gum ghatti per 50 ml. of the 
ammonia distillate were added before the addition of the Nessler reagent. 
11 Teorell, T., Biochem. Z., Berlin, 1932, 2¢~8, 246. 
12 Jacques, A. G., Proc. Nat. Acad. Sc., 1935, 9.1, 488. 668  ACCUMULATION  01  ~  ELECTROLYTES.  IX 
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although  it  agrees with  results previously obtainedY  At  the  same 
time there was a  loss of moles of potassium,  also in  agreement with 
previous results.  It seems not unlikely,  in view of the  scattering of 
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FIc.  1.  Curves showing  entrance and exit of ammonia (×), potassium (O), 
and sodium (O) in Valonia. 
Stage/.--The cells were in dim light in sea water containing 0.0025 ~ ammonia 
(NH8  +  NH4OH +  NH4+).  Ammonia increased; sodium and potassium came 
out. 
Slage//.--The  cells were in dim light in normal sea water (nearly free from 
ammonia).  Ammonia came out and sodium went in; potassium remained more or 
less constant. 
Stage//I.--The  ceils were in stronger light in normal sea water.  Ammonia 
came out; sodium and potassium went in. 
the potassium points in Stages II and III that the regularity  of the 
curve is fortuitous.  However, there is no reason to doubt that potas- 
u Jacques, A. G., and Osterhout, W. J. V., J. Gen. Physiol., 1930-31,  14, 301. 
Up to 20 days the rate of gain of moles of ammonia was approximately linear, 
thereafter it decreased. A.  Go  JACQUES  671 
slum came out.  In this stage also there was a loss of sodium from the 
sap, and this appears to have taken place chiefly in the first 4 days. 
Although the measurements were somewhat irregular,  there seems 
also to have been  some increase in volume during  this stage.  This 
perhaps represents the stretching of the cell wall which occurs when a 
rapidly penetrating substance, such as ammonia, is present in the sea 
water.  Evidence of this stretching  was seen in the very noticeable 
increase  in  turgidity. 
From the table it appears that during Stage I  the sap lost 0.09  X 
10 -3 mole of potassium and gained 0.21 ×  10 -8 mole of ammonia. 
During Stage II in which the cells were exposed to a flow of normal, 
nearly  ammonia-free  sea water,  in  dim  light,  there  was no  definite 
change in the number of moles of potassium in the sap.  The points 
are  somewhat irregularly  scattered  about the  curve,  and  the  trend, 
if there is any, is only slightly upwards. 
In this stage ammonia passed out of the cell.  The rate of exit was 
slower than the rate of entrance during Stage I.  In the first 16 days 
of exit the cell lost about half the ammonia it had accumulated in the 
previous 16 days, so that the rate of exit was roughly half the rate of 
entrance.  In other experiments relative rates of the same order were 
observed. 
During  Stage  II  there  was no  significant  change  in  the  moles of 
potassium, but the sap lost 0.095  X  10  -3 mole of ammonia and gained 
0.098  ×  10  -~ mole of sodium. 
During Stage III in which the cells were exposed to running ammo- 
nia-free  sea water in bright daylight, as Fig.  1 shows, the potassium 
moles increased.  The points are somewhat scattered, but the fact of 
the increase is not in doubt. 
The exit of ammonia continued during this stage, at first at a mark- 
edly greater rate, but towards the end of the experiment the rate fell 
off as the concentration of the ammonia in the cell decreased. 
The behavior of sodium in this stage was roughly the inverse of the 
behavior  of  ammonia,  but  the  increase  in  the  rate  of  entrance  of 
sodium was greater than the increase in the rate of ammonia exit, and 
the subsequent falling off in the rate  of entrance  of sodium was not 
nearly so great  as the  falling  off  in  the  rate  of  exit  of  ammonia. 
Consequently the sap as a whole gained more moles of sodium than it 
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While the cells lost 0.11  X  10 -8 mole of total ammonia they gained 
0.16  ×  10 -8 mole of sodium and about 0.07  ×  10 -3 mole of potassium 
or 0.23 ×  10 -3 mole in all, a net gain of 0.12  X  10  -3 mole.  About one 
half of this is accounted for by the increase  in volume and  the  re- 
mainder probably represents the increase in total concentration which 
is usually observed when the cells are taking in electrolytes in daylight. 
The shape of the ammonia exit curve indicates that ultimately the 
exit would cease at a very low internal concentration of the same order 
as that found in naturally growing cells.  This is somewhat variable 
but over a period of years we have found it to be as high as 0.0006 M  1 
and  as low as 0.0002  M. 1~  In  any one collection kept under  similar 
conditions, the variation of samples from uniform groups of 10 to 20 
cells is usually much less than  this.  The source of the  ammonia  is 
unknown.  Possibly, however, it is the result of "accumulation," since 
natural sea water contains traces of ammonia. 1~ 
If the pH of the sap at the end of Stage III was 6.0 the concentra- 
tion  of undissociated  ammonia  in it would have been  1.44  ×  10  -~. 
And if the external pH were 8.2,  the concentration  of undissociated 
ammonia in the sea water, taking 0.000002 M as the average for total 
ammonia,  would have  been 0.67  ×  10  -7.  But  since the  cells were 
illuminated  during the daylight hours the external pH was probably 
greater on the average than 8.2.  If it was 9.4 during the day and 8.2 
during  the dark the average would be 8.5 and  the  external  concen- 
tration  of  undissociated  ammonia  would  be  1.29  ×  10 -7.  These 
calculations are only approximate but they indicate that the concen- 
tration of ammonia naturally present in cells is of the right order of 
magnitude  for  accumulation  of  total  ammonia  (with  undissociated 
ammonia  approximately  equal  outside and  inside,  possibly going  in 
during the day and out at night). 
It is possible, however, that the ammonia naturally present in the 
cells is the result of metabolism.  Unpublished results of the author 
indicate that there is a significant concentration of nitrate in the sap 
and  the  reduction  of this  at  the protoplasmic surface may produce 
ammonia in the sap.  In that case ammonia might escape into the sea 
water  until  the  "accumulation  equilibrium"  indicated  above  was 
established. 
14 Author's  unpublished results. 
is No analyses are available for Bermuda sea water.  See footnote 19. A.  G.  JACQUES  673 
Let  us  now  consider  the  factors  determining  the  movement  of 
ammonia, potassium, and sodium during the experiment. 
In Stage I  the external pH was 8.2  (average for sea water in Ber- 
muda)  and  the  concentration  in  sea  water  of  total  ammonia  3 was 
0.0025 M. 16  For convenience,  pK~ is taken as 9.6617 for both sap and 
sea water, since their ionic strengths are not far apart, is  From these 
values the  undissociated  ammonia in  the  sea water is  3.35  per  cent 
of the total ammonia or 8.38  X  10 -5 •.  And if the pH of the sap was 
6.0,  corresponding  to  an  undissociated  fraction of 0.02  per cent,  the 
concentration  of  undissociated  ammonia  in  the  sap  at  the  end  of 
Stage I  was 1.61  ×  10 -5 or about 20 per cent of the outside concen- 
tration  of undissociated  ammonia.  Under  these  circumstances  it  is 
not  surprising  that the back diffusion was unimportant  as evidenced 
by the slight curvature of the ammonia accumulation curve towards 
the time axis. 
In an experiment reported previously  ~ the  curve of  ammonia accumulation 
likewise was nearly linear up to 20 days even though the concentration of ammonia 
outside was only 0.001 •  and the internal concentration of ammonia was greater 
than was attained in the present experiment.  However, in a former experiment, 
accumulation took place in daylight so that the external pH, due to photosynthetic 
removal of carbon dioxide, may have been much greater in the layer of sea water 
next to the protoplasm.  At pH 9, which may easily be possible in the vicinity of 
the cell, during photosynthesis, the undissoclated fraction of ammonia would be 
about  18 per cent,  so that the concentration of undissociated  ammonia in  the 
sea water may have been 1.8 X 10  -4 ~.  At the end of 20 days the total ammonia 
in the sap was 0.1119 ~  and assuming the pH to be 6, the corresponding concentra- 
tion of undissociated ammonia 2.2  ×  10  -5.  So in this case also back diffusion may 
have been unimportant. 
Now the  rate of entrance  of ammonia is considered  to  be propor- 
tional  to the  gradient  of concentration  of undissociated  ammonia in 
the  non-aqueous  protoplasmic surface layer and provided  the  parti- 
tion coefficients between the sea water and protoplasmic surface and 
15 Neglecting the small concentration of ammonia normally present in the ceils. 
17 The assumptions and steps leading to the adoption of this value have been 
given in another paper (Jacques, A. G., J. Gen. Physiol.,  1935-36,  1.9, 403, 409) 
and need not be repeated here. 
is According  to Zscheile  (Zscheile, F. P., Jr., Protoplasma,  1930, 11, 481)  the 
ionic strength of Bermuda sea water is 0.72 and of Valo~tla sap 0.67.  The latter, 
corrected for a misprint in the concentration of calcium in the sap, becomes 0.61. 674  ACCUMULATION OF ELECTROLYTES.  IX 
sap and protoplasmic surface are approximately equal, which seems 
not unlikely, the rate is also proportional to the difference of 'concen- 
tration of undissociated ammonia between the sap and sea water. 
In Stage II during the exit of ammonia the average internal concen- 
tration of undissociated ammonia (assuming the pH of the sap to be 6) 
was 1.22 X  10  -5 and since the sea water is nearly ammonia-free, the 
back (inward) diffusion must have been very small indeed. 
We have no figures for the concentration of ammonia in Bermuda 
sea water but using the average value of the analyses made elsewhere 
by others,  1~ viz. 0.000002  ~r, we get for the concentration of undisso- 
ciated ammonia in normal sea water 6.6  X  10  -s.  If now we compare 
the inward concentration gradient in Stage I  with the outward con- 
centration gradient in  Stage II we find that the former is  about 6 
times the latter, but the rate was only about twice as great.  But it 
seems probable that the entrance of ammonia increases the pH of the 
sap.  Such changes have been observed experimentally  1 and from a 
theoretical standpoint we  should expect,  as  ammonia accumulates, 
that  the  ammonium bicarbonate  equilibrium  would  dominate  the 
buffer situation instead of the potassium  (and sodium)  bicarbonate 
equilibrium.  Under  the  simplest assumptions the  midpoint pH  of 
this system would be given by the relationship 
pH =  ½PKH2o +  ½pK'~ -- ½pK'b 
whence pH  =  7.84. 20  This value, however, may be too high since, 
as Wegscheide  21  has shown, the ammonium bicarbonate equilibrium 
may be modified by the presence of ammonium carbamate, produced 
by the reversible reactions 
NH4HCOs ~- NI-I2COOIt +  H20 
and 
NH2COOH +  NHs ~-NH~COONH4 
19 Robinson, R. J., and Wirth', H. E., Y. conseil internat,  exploration met, 1934, 
9 (1), 15, 193; 1934, 9 (2), 187, found for the surface waters of Puget Sound and 
for the Pacific  Ocean off Vancouver Island 0.000012 x,, and Seiwell, H. R., Ecology, 
1931, 12, 485, found for the Atlantic Ocean off Mount Desert, Maine, 0.000003 ~. 
20 pKH,o = 14.00, pK'. = 6.06, pK~ = 4.34.  The reason  for the choice  of these 
values has been given in a previous paper.  See footnote 17. 
21 Wegscheide, R., Monatsh.  Chem., 1916, 87, 425. A.  G.  JACQUES  675 
The effect of this factor depends (a) on the concentration of carbamate and (b) 
on the dissociation constant of carbamic acid.  According to Faurholt's  22 curves 
at pH 6.0 the fraction of the carbonic compounds, viz. CO~, H2COsHCO6,  CO~  ~, and 
NH2COO' present as carbamate, is extremely  small, but at pH 7.84 it is about 5 per 
cent of the total.  Also according to Faurholt the ionization constant of carbamic 
acid must be greater than 10  -7 and is probably much greater than this.  It has, 
however,  owing  to  experimental difficulties,  not  been measured satisfactorily. 
The most we can say therefore is that in all probability the formation of carbamate 
as the pH of the sap rises will tend to limit the amount of rise.  It should be 
pointed out also that the formation of ammonium carbamate would temporarily 
immobilize part of the ammonia entering the cell.  But as the ammonia is removed 
the pH of the sap will drop and the carbamate will be decomposed.  Hence the 
carbamate can affect only the rate of exit and not the equilibrium between the 
sap and sea water. 
The effect of an increase in the pH of the sap during accumulation 
will  be  to  increase  the  back  pressure  and  so  decrease  the  rate  of 
entrance of ammonia.  On this account the estimate that the inward 
gradient during accumulation was 6 times the outward gradient during 
exit may have been too high.  There remains  also to be considered 
the possibility that exit takes place when the pH of the sap is higher 
than  6.0.  If,  as suggested  above, the ammonium bicarbonate  equi- 
librium dominates the pH situation, as long as there is much ammo- 
nia in the sap, we should expect the pH to be greater than 6.0.  Be- 
cause of the uncertainty due to the carbamate we can only estimate 
roughly the extent of the rise to be expected.  If, however, the inter- 
nal pH increased to  6.5,  the  average concentration of undissociated 
ammonia during the first exit stage (Stage II) would have been about 
0.042  X  10  -6 M; that is, about one half the external concentration of 
undissociated ammonia during the accumulation stage. 
These approximate calculations indicate that the inward and out- 
ward rates may well be proportional to the gradient of undissociated 
ammonia. 
Let us now consider the behavior of sodium.  During the accumu- 
lation of ammonia in all previous experiments,  2. ~  which were carried 
off in bright light, we observed that sodium as well as ammonia entered 
the cell.  This is to be expected on theoretical grounds since in bright 
22 Faurholt, C., Y. chim. physique,  1925, 22~ 1. 
23 Also unpublished results. 676  ACCUMULATION  OF  ELECTROLYTES.  IX 
light the increase in pH of the sap produced by ammonia could scarcely 
be  great enough to abolish the difference of chemical potential be- 
tween sodium hydroxide outside and inside.  It is well known that in 
bright light the pH of the sea water adjacent to the cell can be raised 
to 9.6 or higher by photosynthesis. 
In the present experiments performed in dim light (Stage I) the con- 
centration of sodium remained approximately constant in all experi- 
ments except in that shown in Fig. 1 where the curve indicates that a 
loss of sodium occurred during the first few days and that sodium there- 
after remained approximately constant.  This suggests that the initial 
point is too high and that the sodium actually remained approximately 
constant during the entrance of ammonia.  If the pH values inside 
and outside were such  as  to  make  sodium come out it would seem 
that more ammonia entered than would be expected. 
When the illumination is low and photosynthesis is reduced there is 
a  constant escape of carbon dioxide from the cell and this may well 
reduce the pH of the layer of sea water adjacent to the protoplasm 
below 8.0.  We  cannot determine the  extent of these pH  changes, 
but at any rate we can say that the rate of entrance of sodium should 
be much less when the light is diminished. 
As Steward  ~4 has recently affirmed his belief that the loss of potas- 
sium and the gain of sodium during accumulation of ammonia indi- 
cate injury, it seems desirable to point out that sodium did not enter 
in dim light and on theoretical grounds might not be expected to do so. 
The question remains whether in the previous experiments there 
was injury in the sense that in each analysis a few ceils injured, so as 
24 Steward, F. C., Nature,  1935, 135, 553.  More  recently Steward and Martin 
(Steward, F. C., and Martin, J. C., Carnegie Institution  of Washington, Pub. No. 
475, 1937, 87) have amplified the view that the changes in the concentration of 
potassium and sodium during the entrance of ammonia are the result of injury, 
chiefly on the grounds that  (a)  injury would cause changes in the direction ob- 
served, (b)  in their experiments in  the Tortugas in the summer the cells were 
obviously injured.  Suffice  it to say that the first argument is effectively  met by 
the present results which show a loss of both potassium and sodium, and  the 
second by the fact that the interesting series of changes in the appearance of the 
cells described by Steward and Martin for Valonia ventricosa of Tortugas, in the 
summer, were completely  absent in the case of Valonia macropkysa in Bermuda in 
winter. A.  G.  JACQUES  677 
to be more permeable to all the constituents of the sea water, may have 
been included.  Reasons for rejecting this possibility  have  already 
been given.  These still seem valid to us.  ~,25 
It is evident that the pH of the aqueous solutions in contact with 
the protoplasm may be very different from that in the main body of 
the solutions.  For example, when ammonia is  entering the pH of 
the layer of sap in contact with the protoplasm must be considerably 
higher than the average pH of the sap as a whole. 
We have no way of measuring the pH of the thin aqueous layers 
immediately in  contact with  the protoplasm,  but  we do  know  (a) 
that the entrance of ammonia can raise the pH of the sap,  and (b) 
that in bright light the photosynthetic removal of carbon dioxide can 
raise the pH of the sea water.  If we assume that the pH changes 
which have been demonstrated to take place in the body of the sap 
and sea water may take place much more rapidly and to a  greater 
extent in the thin aqueous layers adjacent to the protoplasm, we can 
explain why potassium came out in Stage I, why sodium alone entered 
in Stage II, and why both sodium and potassium entered in Stage III. 
From thermodynamic considerations the direction of movement of 
KOH through the non-aqueous layers of the protoplasm will depend 
on the difference of free energy of KOH  between the sap  and  sea 
water.  This is given by the equation 
AF  -~  RT  In (K)o(0H)o  --  RT  In (K)~(0H)~ 
where o and i  refer to the sea water (outside)  and the sap  (inside) 
respectively, and round brackets represent activities.  (OH) is known 
with sufficient accuracy from pH measurements.  For potassium it is 
more convenient to substitute  [K] for (K), where the square brackets 
indicate concentration.  This may be done without objection, because 
the ionic strengths of the sap and sea water are nearly alike and hence 
the activity coefficient of potassium can be taken as the same in sap 
and sea water.  ~e 
~s Osterhout, W. J. V., Nature, 1935, 136, 1034. 
~6 As explained in a previous paper (Jacques, A. G., J. Gen. Physiol.,  1936-37, 
20, 737) for convenience  we assume that single ion activity coefficients  have real 
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In place of AF,  we  can use for the purposes of determining the 
direction  of  movement,  the  difference  [K]~(OH)o  and  [K]~(OH)~. 
Similar considerations apply to other molecules passing through the 
protoplasm, such as NaOH, NaC1, etc. 
In Stage I it is easy to see why potassium should leave the cell when 
ammonia goes in, for the ammonia raises the pH of the sap, partic- 
ularly in  the layer in contact with the protoplasm, and presumably 
makes [K],(OH), >  [K]o(OH)o. 
In  Stage  II,  when ammonia leaves  the  cell,  we  suppose that  it 
lowers the pH of the layer of the sap adjacent to the protoplasm suffi- 
ciently to make [K]~(OH)~ approximately equal to [K]o(OH)o.  During 
this  stage,  however,  [Na]o(OH)o  is  greater  than  [Na]~(OH)~ and 
sodium continues to enter. 
In  Stage  III,  in  brighter  light,  we  suppose that  photosynthesis 
raises the pH of the layer of sea water adjacent to the protoplasm. 
This causes  [K]o(OH)o to become greater than [K]i(OH)~  and potas- 
sium and sodium enter to replace the ammonia leaving the cell.  The 
process is aided by the decrease of ammonia in the sap which results 
in a decrease of the pH of the sap as the ammonium  bicarbonate buffer 
system is replaced by the sodium and potassium bicarbonate buffer 
system. 
It may be  remarked in  passing that  there was no  suggestion of 
injury in the later stages any more than in Stage I  (p. 676).  The fact 
that  in  Stage  II  the  ammonium was  actually replaced entirely by 
sodium, must not be regarded as evidence of injury in the sense of an 
increase in the permeability of the protoplasm to all constituents of the 
sea water and sap.  There was no appearance of injury  ~7 in the cells, 
sulfate was absent from the sap, halide did not decrease; potassium 
did not decrease but in the last part of the experiment actually in- 
creased.  All this indicates that such injury had not occurred. 
Further  evidence that  the  protoplasm  has  not  been  drastically 
altered by the ammonia treatment is found in the fact that after the 
removal of nearly all the ammonia the cells were again able to accumu- 
late ammonia from sea water containing ammonia.  There was a loss 
27 Regarding signs  of  injury see Osterhout, W.  J.  V., Ergebn. Physiol.,  1933, 
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phi  =  6.0, 
K~ =  0.5 M, 
whence 
of potassium, as Table I  shows.  28  It is interesting to speculate on the 
possibility that the cells might again replace most of the ammonia by 
sodium on removal to  ammonia-free sea water.  In such a  case the 
sodium concentration might be nearly 3 times what it was at the start, 
and the potassium concentration only about 60 per cent of its initial 
value, and the ratio of K/Na  would be less than 1.  There remains the 
possibility  that  the  ratio  might  be  reduced  even  more.  Such  cells 
might have very different  electrical properties from normal  Valonia 
cells.  This remains a  subject for future investigation. 
For convenience we have hitherto spoken of the entrance of potas- 
sium and sodium in the form of hydrates.  There is no objection to 
this so long as we are merely considering the direction of movement of 
different  substances  or  different  rates  of  the  same  substance  under 
different  conditions,  but  when  we  compare  the  rates  of entrance  of 
sodium  and  potassium other  considerations  come in,  as  will  appear 
from the  following. 
The situation when the cells are taking in electrolytes from normal sea water 
may be as follows. 
p(OH)~ =  8.0;  pHo =  8.2,  p(OH)o  =  5.8 
Ko  =  0.012~;  Na~ =  0.12xr,  Nao =  0.5M  29 
[K]o(OH)o =  10  -7.72  [Na]o(OH)o  =  i0  -6'3° 
[K]i(OH)~--- 10  -s'a°  [Na]~(OH)~  =  10  -s'9= 
It is probable that the bases move through the protoplasm as MX, where X is 
the  anion of a  weak acid  elaborated by the  protoplasm.  As  Osterhout  s° has 
pointed out, at the interface between an aqueous phase and a non-aqueous phase 
there are unstirred layers in which  the solutes move only by the relatively slow 
process of diffusion, and that in the regions where the two phases are immediately 
in contact the solutes are in equilibrium across the boundary.  This equilibrium is 
2s The fact that  the rate of accumulation of ammonia was much greater in 
this stage is not necessarily significant,  since the conditions of accumulation were 
different. 
29 These are average values. 
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expressed by the partition coefficient, S, which is the ratio of the concentration of a 
solute in the non-aqueous phase to its concentration in the aqueous phase. 
In the cell there are two pairs of unstirred layers, one at the sea water-proto- 
plasm,  and  the  other  at  the  sap-protoplasm interface.  Now  we  may  safely 
assume that there are no gradients of concentration for M + or OH- in the sea 
water or sap unstirred layers.  This will not be  true  for X- or HX  since the 
concentration of X- and HX in the sea water must be taken as infinitely small. 
However,  the  gradients  for  these  substances  may  be  numerically very  small 
indeed for the reason that MX and HX have extremely high partition coefficients. 
In such a ease the loss of MX  and HX to the sea water may be very slow indeed. 
The force of the above discussion is that M + and OH- are known in the sap 
and in the sea water, and if there are no concentration gradients in the unstirred 
layers  we  also  know  their  concentrations  immediately  at  the  protoplasmic 
interfaces. 
Neither MX nor HX is known in any of the regions under discussion, but these 
terms will be eliminated ultimately from the rate equations.  Until this is done, 
however, we shall speak of MXop and HXop where op refers to the thin region in 
the sea water unstirred layer, where the solutes are in equilibrium with the proto- 
plasm.  For the sap-protoplasm interface we have a  corresponding pair, MX~p 
and HX~. 
Let us suppose that MX  is formed in the sea water by the reaction 
(a) 
whence 
M ++  OH-+  HX'~--M  ++X-+I-LO 
o  o  op 
(b  )  f M  f oI..If HX. [  M]o [OHlo [HX]op =  kh~.* 
(fL")~x  [~]o Ix]o,, 
*J~ fOH  is substituted for the more accurate value (f~)z for practical reasons 
(see Jacques, A. G., J. Gen. Physiol., 1936-37, 20, 747). 
where f* is the activity coefficient in the sea water, fo~ is the activity coefficient in 
the thin region in the aqueous unstirred layer, and khya. is the hydrolysis constant, 
and since HX is a weak acid, fI~ may be taken as unity.  But 
(c)  (/~) ]~ x [M]o [X]o,  °~  =  kdiss.fMx[MX]op 
where kaiM.  is  the  classical dissociation constant.  Whence  by substitution  in 
(b) and rearrangement, 
(d)  [I-IX]o,  [M]o/~)H [OH]o =  khyd. kd'.., f u x [  M X ]o~, 
But 
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where the subscript po refers to the  unstirred  non-aqueous  layer in  the proto- 
plasm immediately in  contact with the external aqueous  phase,  and So~ is the 
partition coefficient.  For the sap we have similar relationships, 
(f)  [I'IX]ip [M]ifiOH [0H]~ ffi  khyd. kdiu.fMX. [MX]ip 
f'u 
and 
(D  &p[MX]~p  ffi  [MX]~ 
Now disregarding restriction due to the cell wall the rate of gain of M  by the 
sap should be given by 
(h)  d.__MM ffi  DIIx(MXI, o --  MX~,~) ffi  DUX(So~ [MX]ol, --  Sq,[MX]q,) 
dt 
where D krX is the rate of flux through the protoplasm under standard conditions, 
which is analogous to the diffusion constant.  3x 
Now comparing equations (d) and (f) 
f~x  ffi f~x  and  f~t  ffi f~/ 
since the ionic strengths  of  the sap and  the  sea water are close to each other, 
and 
/OH[OH], ffi  (OH)o  and  f~)H[OH]/  ffi  (OH), 
(where curved brackets refer to activities and square brackets to concentrations). 
Both of these are known if the pH of the sea water and sap are known.  Then 
op  'p 
f MX khyd. kdi~.  ffi f KX kh,d. ~diu. 
---- k*oll. 
f~  f~ 
where keon. is a  collection of all the constants. 
Now So~ may be taken as equal to S,p and then 
dM  D uX S 
(i)  --  ffi  ~  {  ([HXI~p  [Mlo(0H)o)  -  ([ttXl,p [MI,(0H)J } 
dt  k~L 
Now if HX is elaborated equally throughout the protoplasm, so that [HXbo  ffi 
[HX]~ then provided that S°~x  =  SEx we have [HX]op  -- [HX]/p.  For the too- 
sl The flux through  the protoplasm depends to some extent on  the aqueous 
phase between the non-aqueous surface layers (these two layers are treated as one 
in the present discussion).  But  the influence of the aqueous phase is probably 
very small.  It has been shown  in a  previous paper (Jacques,  A.  G.,  Y.  Gen. 
Physiol.,  1936-37, 20,  737)  that the diffusion through the non-aqueous layers is 
more than a million times slower than through an aqueous phase. 682
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ment we shallmake the assumption that this is true, and that these concentrations
are constant.
Applying equation (i) to K and Na entrance, k,a,,. for both may be taken as
equal, since both are strong bases; and the ratio of the rates of entrance of K to
Na is then given by
d_M x
( dl
￿
_ DXSR
￿
[Klo(OH)o - [Kh(OH);
CdM\Na
￿
DNaSNa [Nalo(OH)o - [Nal;(OH);
dJl
For convenience we may put DS _ k_et. = P, the permeability constant.
￿
The
ratio of the concentration of potassium to sodium in the sap must be the ratio of
the average rate of entrance and on this basis Osterhout32 has calculated that the
permeability to KOH is 331 times as great as to NaOH.
￿
With the values assumed
in this paper, the ratio PKOH - PNaOHbecomes 236.
￿
The exact value, which will
vary somewhat according to the analysis of sap, is unimportant.
￿
In any case it
indicates a very large difference between the permeability of the protoplasm to
potassium and to sodium.
￿
This difference is probably due, as Osterhout points
out, to a large difference in the partition coefficients.
These considerations serve to show how the relative rates of en-
trance of sodium and potassium are determined. The fact that the
ratio of K/Na in the sap is variable indicates that the relative rates
of entrance may vary from cell to cell. This raises the question
whether they may not change for a single cell during its absorption of
electrolytes. On the whole the evidence indicates such changes.
Thus, as pointed out previously,2 the ratio K/Na for small actively
growing cells is greater than in large mature cells from the same col
lection.
￿
This might be expected on the ground that the more active
the metabolism and the greater the production of carbon dioxide the
lower will be the internal pH. A rise of internal pH will stop the
entrance of potassium long before it stops that of sodium.
￿
Steward
and Martin33 found that naturally growing, well illuminated cells
had a greater proportion of potassium than poorly illuminated ones.
The cause of the change need not be an increase in the permeability
of the protoplasm.
￿
Thus if the pH outside the protoplasm increases
as the result of photosynthesis without a change in the internal pH, as
32 Osterhout, W. J. V., Ergebn. Physiol., 1933, 35, 991 .
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found by Crozier, ~4 and if the value 236 for P~o~ +  PNaOH given above 
is acceptable, we find that when the external pH increases from 8.2 to 
8.5,  using  equation  (k),  K/Na  increases  at  the  steady  state  from 
0.50  +  0.12  =  4.2 to 0.515  +  0.105  =  4.9, and  at pH 9.0 to 0.523  + 
0.097  =  5.4.  Such changes in  the pH of the  sea water in  contact 
with the protoplasm appear to us to be quite possible in well illumi- 
nated  cells. 
We are now in a position to take up the question, Why does sodium 
enter more rapidly when ammonia is comingout in Stage II than under 
normal conditions? 
From  the foregoing we  derive  the  following equation for the rate 
of entrance of sodium as NaX, 
dNa  D Na {  S~  aX [NaX]o~ -- S,v [NaX],~ } 
q)  d~-  = 
We  should  expect  sodium  and  potassium  to  enter  as  long  as  the 
products (K)o(OH)o and  (Na)o(OH)o are greater outside than inside. 
But we find that when growth slows down and the entrance of water 
is  lessened  the  entrance  of  sodium  and  potassium  is  also  lessened. 
The  total halide  in  the  sap,  which  in  the  present  experiments  is  a 
measure  of the  total  electrolyte present, 85 tends  to  remain  approxi- 
mately  constant.  This  suggests  that  when  the  concentration  of 
halide  in  the  sap  reaches  a  certain  value,  which  may be called  for 
convenience the normal concentration,  the penetration  of electrolyte 
is  checked  until  the  absorption  of  water  lowers  the concentration 
enough to permit further entrance.  It might seem that a regulatory 
mechanism  existed for this  purpose.  It  should be noted,  however, 
that in models where we see no special regulatory mechanism, water 
and electrolyte enter in a fixed ratio so that the concentration of elec- 
trolyte  in  the  artificial  sap  remains  approximately  constant? e  A 
regulatory  mechanism  might  take  various  forms.  As  equation  (l) 
B4 Crozier, W. J., J. Gen. Physiol., 1918-19, 1, 581.  See also, Jacques, A. G., 
and Osterhout, W. J. V., J. Gen. Physiol., 1933-34, 17~ 727. 
35 Sodium, potassium,  and  ammonium appear  in  the sap  almost  wholly as 
halides.  There is a little  nitrate and a little bicarbonate  but they may be ne- 
glected in the present discussion. 
36 Osterhout, W. J. V., and Stanley, W. M., J. Gen. Physiol., 1931-32, 15~ 667. 684  ACCUMULATION  OF  ELECTROLYTES.  IX 
indicates, the rate of entrance of sodium appears to depend on (1) the 
concentration gradient of a sodium compound NaX in the protoplasm, 
(2)  its partition  coefficients between the aqueous  and non-aqueous 
phases,  and  (3)  its  rate of movement, D,  through  the protoplasm 
under standard conditions. 
It seems possible that when the concentration of halide in the sap 
rises above the normal, the inner non-aqueous protoplasmic surface 
layer becomes sufficiently dehydrated to suffer a  marked increase of 
viscosity and so to lower the value of D. 
Other factors may assist  in  checking the entrance of electrolytes 
under  these  conditions.  For  example,  the  dehydration  may  also 
affect the partition coefficient of NaX at the inner non-aqueous proto- 
plasmic surface in such a way as to check entrance of sodium.  Thus 
if NaX is more soluble in the non-aqueous protoplasmic surface than 
in water, the removal of water may increase the solubility of NaX and 
N~x  SO increase S~p  .  This will decrease the rate of entrance of NaX and 
hence of water. 
The faster ammonia comes out of the cell the faster electrolytes 
can  enter  without  exceeding the  normal  concentration  of  halide. 
In Stage II,we suppose that potassium cannot enter because [K]~(OH)~ 
is approximately equal to [K]o(OH)o but sodium can enter and will do 
so more rapidly than usual because ammonia is coming out. 
This will be discussed more fully in another paper,  s7 
SUM'~ARY 
Experiments on Valonia were carried out as follows: 
Stage/.--Cells in dim light accumulated 0.08 ~  ammonia (NHs + 
NH4OH  -t- NH  +) from sea water containing 0.0025  ~  ammonia (but 
the concentration of undissociated ammonia appeared to remain less 
inside than outside).  Potassium came out. 
Stage //.--Cells  in  dim light  in  nearly ammonia-free normal sea 
water lost  ammonia which was  replaced by  sodium  entering from 
the sea water.  Potassium in the sap remained practically constant. 
Stage III.--The cells were placed in stronger light where the loss 
of ammonia continued and potassium entered.  Sodium entered more 
rapidly than in Stage II. 
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Stage IV.--Cells transferred to sea water containing 0.0025 M ammo- 
nia again accumulated ammonia up to 0.1345  M. 
The results in general harmonize with the view that the direction 
of movement of a  base M  through the protoplasm depends on the 
difference of the activity products (M)o(OH)o and  (M)I(OH)~ where 
the subscripts o and i refer to sea water and sap respectively. 
On this basis,  if the entrance of ammonia raised the internal con- 
centration of OH sufficiently in Stage I potassium should come out in 
Stage I, as actually happened.  The behavior of sodium is in doubt. 
If the internal pH in Stage II were sufficiently high sodium should 
enter but not potassium.  This was actually found. 
In Stage III, if we suppose that the effect of stronger light is to 
increase the external pH (by photosynthesis) more than the internal 
pH (as found by Crozier) we can understand why potassium entered, 
because such an increase in pH could readily make the external value 
of (K) (OH) greater than the internal.  This would also explain why 
sodium entered more rapidly than in Stage II. 
When ammonia is coming out of the cell,  sodium and potassium 
may enter more rapidly than usual without raising the internal con- 
centration of halide above a  certain critical value at which entrance 
appears to be checked. 